Engineering functional amyloids through a modular genetic strategy represents new opportunities for creating multifunctional molecular materials with tailored structures and performance. Despite important advances, how fusion modules affect the self-assembly and functional properties of amyloids remains elusive. Here, using Escherichia coli curli as a model system, we systematically studied the effect of flanking domains on the structures, assembly kinetics and functions of amyloids. The designed amyloids were composed of E. coli biofilm protein CsgA (as amyloidogenic cores) and one or two flanking domains, consisting of chitin-binding domains (CBDs) from Bacillus circulans chitinase, and/or mussel foot proteins (Mfps). Incorporation of fusion domains did not disrupt the typical b-sheet structures, but indeed affected assembly rate, morphology, and stiffness of resultant fibrils. Consequently, the CsgAfusion fibrils, particularly those containing three domains, were much shorter than the CsgA-only fibrils. Furthermore, the stiffness of the resultant fibrils was heavily affected by the structural feature of fusion domains, with b-sheet-containing domains tending to increase the Young's modulus while random coil domains decreasing the Young's modulus. In addition, fibrils containing CBD domains showed higher chitin-binding activity compared to their CBD-free counterparts. The CBD-CsgA-Mfp3 construct exhibited significantly lower binding activity than Mfp5-CsgA-CBD due to inappropriate folding of the CBD domain in the former construct, in agreement with results based upon molecular dynamics modeling. Our study provides new insights into the assembly and functional properties of designer amyloid proteins with increasing complex domain structures and lays the foundation for the future design of functional amyloid-based structures and molecular materials.
Natural protein molecules are typically composed of several protein domains organized in a modular manner. The sequences and arrangement of domains within single protein molecules and within the protein complexes into which they are subsequently assembled endow natural molecular materials with well-dened and tailored multifunctionalities that are usually absent from chemically synthesized molecules and polymeric materials. For example, the complex domains of extracellular matrix (ECM) proteins provide diverse functionalities in mediating cell and tissue behaviors, ranging from providing structural support for organs and tissues to acting as substrates for cell migration. [1] [2] [3] In contrast, existing articial self-assembling ECM proteins, though they form network that morphologically resembles natural ECM brous networks, can hardly recapitulate all the functional features of natural ECMs. The engineering of articial protein-based molecular materials that mimic or even outperform their natural counterparts may become feasible by rationally designing tailored molecular sequences using a bottom-up modular genetic strategy.
4-6 Such a research strategy represents new opportunities for engineering multifunctional molecular materials with predictable structures and customizable performance.
Although originally identied as pathological hallmarks of diverse neurological disorders including Alzheimer's, Parkinson's, and Huntington's diseases, 8, 9 amyloids of diverse sequences have been recently identied in several organisms for physiological applications. 10 One distinctive feature of functional amyloids is that the amyloidogenic core of assembled structures does not signicantly diverge from that of the original amyloid backbone structure when domains with appropriate size and conformation are present.
11 Such attributes, along with the intrinsic self-assembly and outstanding material properties of amyloids, have prompted an increasing amount of research in producing functional amyloid-based molecular materials based on a modular genetic design for diverse biomaterials and nanotechnologies. 10, [12] [13] [14] [15] [16] [17] However, genetically modied amyloids created through this strategy do not always self-assemble into "normal" structures with predictable functions. 6, 18 For example, Forman et al. revealed that the conformation and position of proteins displayed on the same amyloidogenic cores signicantly changed the morphology of the assembled brils. 18 The increasing development and application of such self-assembling molecular materials, therefore, call for deeper understanding of how genetically fused domains affect the stability, morphology, assembly kinetics, mechanical and functional properties of structural amyloids. Such knowledge, though at present unfortunately incomplete, will be particularly important for advancing future amyloid-based nanotechnologies and materials.
Here, using E. coli curli as a model system, we investigated how anking domains affect the morphology, assembly kinetics, stiffness, and functional properties of amyloids by rationally engineering functional amyloid proteins with variable domain structures and arrangement. We constructed functional CsgA-fusion proteins consisting of an amyloid core CsgA (a major amyloid protein associated with E. coli biolm formation) and one or two functional protein domains, fused at either or both the C or N terminus of CsgA. The functional domains applied in this study include mussel foot proteins from Mytilus galloprovincialis (Mfp3 and Mfp5), which are interfacial adhesive proteins associated with mussel adhesive plaque, 19, 20 and chitin-binding domain (CBD) from Bacillus circulans chitinase, 21 a functional domain that can specically recognize and bind to chitin (Fig. 1b) . In the designs, CsgA served as the backbone domain that mainly drove the selfassembly of constructed molecules, while CBD and/or Mfps acted as anking domains that contributed to functional properties of assembled structures. The CsgA protein is an ideal amyloid model system for this study, as it has conserved amyloid sequences that are known to tolerate chemical elaboration, [22] [23] [24] and the resultant CsgA fusion proteins have been demonstrated with emerging functional properties, for example, underwater adhesion. 5 Using curli as a model system, our study here aims at promoting better understanding of bril assembly, mechanical and functional properties of multidomain functional amyloids, as well as providing new insights into rational design of functional amyloid brils.
We rst genetically fused CsgA with either one or two functional domains at the C and/or N terminus, respectively. Four genetic fusion constructs, namely, CsgA-Mfp3, Mfp5-CsgA, CBD-CsgA-Mfp3, and Mfp5-CsgA-CBD were created using isothermal one-step Gibson DNA assembly (Fig. 1c and ESI  Fig. 1-6 †) . The puried proteins were conrmed to be the ones as designed using various biological assays (ESI Fig. 7 †) .
Atomic force microscopy (AFM) conrmed that all proteins formed self-assembled nanobrils aer aging for 18 hours, yet the morphologies of the brils varied among samples (Fig. 2a) . Specically, the bril diameters slightly increased with increasing number of fusion domains (Fig. 2b) . The diameters of the resultant brils comprising triple domains were larger than those of their counterparts containing two domains. Thus, it was reasonable to hypothesize that the fusion domains might be external to CsgA amyloid cores in the CsgA-fusion proteins, and would consequently enlarge bril diameters to a certain extent. Furthermore, the bril lengths among samples differed signicantly (Fig. 2c) Fig. 2b and 4c ). These observations thus implied that a steric hindrance effect increased for bril assembly as the number of domains increased in the fusion proteins. Conceivably, the random contact and interaction of the side domains with the b-sheet cores would disturb or even decrease the hydrogen bonds (thus lower the average hydrogen bonding density) within the amyloid nanobril core. 32 In addition, brils containing Mfp3 domains (46 amino acids) were longer than their counterparts containing Mfp5 domains (76 amino acids), both for the two-domain or triple-domain structures, suggesting that larger domains more signicantly interfered with bril assembly. Interestingly, the heights of irregular knots/dots, usually surpassing the average height of nanobrils, were frequently visualized at bril ends in both two-domain and triple-domain nanobrils rather than CsgA brils (Fig. 2a, dark  arrows) . It was likely that such dots formed as a result of "incorrect" assembly among monomers, for example, via nonspecic inter/intramolecular interactions between fused domains, thus interfering with CsgA-CsgA amyloid core interactions and thereby delaying or even blocking further growth of the nanobrils. Notably, for all the CsgA-fusion proteins that we studied, we did not observe a twisted morphology of the resultant brils, which was oen found associated with certain functional amyloids containing fusion domains, such as SH3-cytochrome b 562 fusion proteins 18 and a chimeric fusion protein, Rd-HET-s (218-289), containing a prion domain and a redox protein.
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To study whether the size of a third domain would inuence the morphology of triple-domain proteins, we constructed Spytag-CsgA-CBD by replacing the Mfp5 domain with a much smaller peptide, Spytag (13 amino acids) at the N-terminus of CsgA-CBD (ESI Fig. 10 †) . The bril length, diameter, and thioavin T (ThT) bril formation kinetic curves of Spytag-CsgA-CBD and Mfp5-CsgA-CBD were identical, suggesting that the size of a third domain had less inuence on bril assembly compared with the number of fusion domains.
Next, we conducted far-UV Circular Dichroism (CD) measurements for all the protein solutions containing varied amyloid brils (Fig. 2c) . The appearance of a minimum at $220 nm and a maximum at $200 nm in the spectra indicated that all samples were rich in b-sheet structures. Also, the slight difference in the minimum of CD signal (at $220 nm for CsgA, and at $224 for others) among these samples suggested that they differed somewhat structurally because of the introduction of different functional domains. Specically, of all the secondary structures formed in CsgA solution, b-sheet and bturn structures constituted approximately 70% and 30%, respectively. The two-domain proteins contained 60% of bsheet/b-turn structures and 40% of random coils, owing to the introduction of random coil Mfps. Compared with their twodomain counterparts, the three-domain brils possess more b-sheet structures, as the newly added CBD were reported to be rich in antiparallel b-sheet structures.
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To further probe the architecture of brils formed by different fusion proteins, we carried out X-ray bril diffraction experiments (Fig. 2d) . All of the protein samples displayed typical cross-beta diffraction patterns, a pattern that is the characteristic of amyloid brils. 33, 34 No change was observed in meridional reection (denoted as d 2 in the diffraction patterns shown in Fig. 2d ) at 4.8Å corresponding to the spacing between b-strands within each layer of b-sheets in the bril. However, the intersheet packing distances reected by equatorial reections (denoted as d 1 in the diffraction patterns shown in Fig. 2d ) for the two-domain and three-domain brils were slightly smaller than that of CsgA alone. This slight distortion in intersheet packing distance could be attributed to the stress exerted on the amyloid backbone by the fused domains. 6, 18, 35 Collectively, these observations thus suggest that fusion of one or two functional domains at varied positions slows down bril assembly and affect bril morphology, but does not disrupt amyloid assembly or the typical cross-beta bril structures of CsgA.
Amyloid proteins typically assemble into mature brils following a dynamic process from original monomeric protein to the oligomer and nally to the mature bril. 9, 36 To test whether this observation would hold true for the CsgA-fusion proteins constructed here (Fig. 3a) , we deposited newly puried protein solutions on mica and probed the morphological evolution of the proteins as incubation proceeded (Fig. 3b) . All proteins seemed to follow the similar assembly pathway of typical amyloid brils, as revealed by a morphological transition from dotted particles (2 h or 6 h) to short brils (6 h), and nally to long brils ($18 h) (Fig. 3b) . However, their evolution processes were still roughly distinguishable from each other. In particular, both three-domain proteins showed delayed bril assembly, as the only structures detected were spherical particles for 6 hour samples, and short protobrils along with dotted particles for 18 Fig. 1 Construction of tunable functional amyloids with variable domain structures through a modular genetic design using E. coli curli as a model amyloid system. (a) Schematic illustration of E. coli curli fibrils, b-helix model of CsgA and amino-acid sequences for CsgA. Curli, adhesive amyloid fibrils of E. coli biofilms, are constituted by the major subunits, CsgA. CsgA contains N-terminal 22 residues that act as a secretion signal through the outer membrane, and five repeating strand-loop-strand motifs mediated by conserved residues (marked in red color), that form the amyloid core. [25] [26] [27] The glutamine and asparagine residues in each repeating unit are predicted to form a hydrogen bond network that contributes to the extreme stability of the fibrils. (b) Structural illustration of chitin binding domains (CBD), which are C-terminal domains of Bacillus circulans chitinase that can specifically bind to insoluble chitin (PDB code: 1ED7), 21 and mussel foot proteins (Mfps), which are interfacial adhesion proteins of mussels. 28, 29 The CBD is a rigid and compact twisted b-sandwich structure that contains two antiparallel bsheets, 21 and Mfp is an intrinsically disordered protein in solution. 30 (c) Two groups of gene constructs (CsgA-Mfp3, CBD-CsgA-Mfp3 and Mfp5-CsgA, CBD-Mfp5-CsgA) were created using one-pot isothermal Gibson assembly and tagged with poly-histidine residues to facilitate purification, respectively. Note: N-terminal or C-terminal fusion of a flanking domain (R) onto CsgA proteins was denoted as R-CsgA or CsgA-R, respectively. In a typical construct (CBD-CsgA-Mfp3), CBD, Mfp3 domain was extended from CsgA's N-terminal and C-terminal, respectively. hour samples, which were morphologically different from the other samples (Fig. 3b) . In fact, neither CBD-CsgA-Mfp3 nor Mfp5-CsgA-CBD proteins formed very long brils even aer aging for more than 48 hours (ESI Fig. 9 †) . These observations thus suggested that bril assembly rates decrease as the number of fusion domains added onto the CsgA backbone increases. A similar phenomenon was reported previously associated with Ab42 variant amyloid protein, in which N-terminus extensions were found to retard Ab42 bril formation.
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Transitions of soluble proteins to insoluble amyloid aggregates for CsgA-fusion proteins can also be monitored using ThT, an amyloid-specic dye commonly used to assay amyloid formation. 37 The ThT uorescence of all samples followed a sigmoidal curve with distinguishable lag, growth, and stationary phases (Fig. 3c) . However, the polymerization lag phases and time to reach stationary phases for CsgA-fusion proteins were typically longer than those for CsgA (Fig. 3c) , suggesting that fusion of the Mfp and/or CBD domains to CsgA indeed retard both of the nucleation and growth processes. Such trends appear more pronounced for three-domain proteins than for two-domain proteins. Interestingly, a similar trend was also found associated with the comparison group for CsgA, CsgA-CBD, and Mfp5-CsgA-CBD (ESI Fig. 11 †) .
The mechanism of amyloid assembly involves a series of microscopic events, including primary nucleation, bril elongation, and secondary nucleation processes. 38, 39 Conceivably, the anking domains posed steric hindrance effects to the molecular recognition and aggregation of CsgA amyloids cores in the CsgA-fusion proteins, thus resulting in delayed formation of amyloid oligomers (longer lag time) and lower nucleation rates for the primary nucleation processes. As a result, more nuclei would form in the solutions of CsgA-fusion proteins compared to CsgA under similar protein concentrations. In addition, the anking domains external to the amyloid cores may also cause interference, for example, by disturbing the addition or incorporation of amyloids monomers into the growing brils through random contact and/or interactions with bril ends, therefore resulting in lower bril elongation rate of CsgA fusion proteins. Consequently, the increased number of nuclei in the solutions and lower elongation rates would therefore produce shorter nanobrils for CsgA-fusion proteins compared to CsgA, as revealed by the AFM morphological observations discussed above ( Fig. 2a and 3b) .
Based on these observations, we concluded that CsgA-fusion proteins all formed self-assembled brils through typical amyloid aggregation pathway from monomers, through oligomers to mature brils. The additional domains did not participate in the construction of the CsgA amyloid cores, but exerted some constrains on the aggregation of monomer proteins and therefore directly affected the bril assembly kinetics and the morphology of the resultant brils. Moreover, the structures and assembly kinetics of amyloid structures were more heavily affected as the number of anking domains increase in the CsgA system, and such general trend seems to be independent of the specic anking domains to be fused in the system. Mechanical properties are critical to our understanding of how domains contribute to a synthetic material system, and determining whether a given structure satises requirements for specic applications. 40, 41 The mechanical properties of bril variants were determined through DMT modulus channel based upon PF-QNM measurement (Fig. 4a) . 36, 42 All these values fall into the normal range of the Young's modulus typically for amyloid brils in gigapascal scale. 40, 41, 43, 44 In particular, the Young's modulus of brils increased when incorporated with bsheet structure domain but decreased when fused with random coil domains, with an average value of 6.99 AE 0.72, 5.04 AE 0.48 and 7.84 AE 1.01 GPa for CsgA, CsgA-Mfp3, and CBD-CsgA-Mfp3, respectively (Fig. 4b and c) . A similar descending trend is also found for CsgA, Mfp5-CsgA, and Mfp5-CsgA-CBD brils (ESI Fig. 12b †) .
The orientation of b-sheets -regular structures made of bstrands connected laterally by several backbone hydrogen bonds -and the inter-sheet packing of amyloid structures are believed to effectively contribute to mechanical properties of peptide brils. 40, 45 The CsgA-fusion brils comprised CsgA amyloidogenic cores and side fusion domains, which were thought to be external to the amyloid cores and exposed on the bril surfaces.
46 Therefore, the amyloidogenic cores mostly contributed to the elastic modulus of entire structures. Functional domains did not participate in the formation of amyloid cores and also did not affect the bril structures based upon Xray bril diffraction data (Fig. 2d) . However, fusion of anking domains indeed inuenced the Young's modulus to a certain extent based upon PF-QNM measurement (Fig. 4b and c) . Noticeably, the two-domain CsgA-fusion proteins contain a random-coil Mfp domain, while the three-domain fusion proteins comprise a third rigid (b-sheet structure) CBD domain either at C or N-terminus other than the Mfp domain. Among the three most common types of secondary structures -i.e. ahelices, b-strands and random coil -random coil, in principle, is the one possessing least number of intermolecular hydrogen bonds, followed by a-helices and b-sheets. 45, 47 Previous studies suggested that a high amount of ordered b-sheets increased in the rigidity of the brils, whereas a high amount of ordered ahelices and random coils seemed to weaken the structure by soening the self-assembled brils. 36, 45 The content of b-sheets in the fusion proteins decreased when fused with mfp3 or mfp5, and increased when fused with CBD, thus explaining that the stiffness of CsgA-fusion brils in its entirety was indeed dependent on the nature of the incorporated functional domains.
To further assess how the anking CBD domain affects the function of CsgA-fusion proteins, we measured the functional activities of CsgA-fusion proteins containing a CBD domain and compared with their counterparts without CBD domain. Specically, we tested the binding behaviors of amyloid brils towards chitin substrates based upon quartz crystal microbalance with dissipation (QCM-D) monitoring (Fig. 5a ). QCM-D monitors the absorption of brils towards chitin-coated Au surfaces under dynamic ow conditions, thereby providing useful information regarding how differently the CsgA-fusion brils bind towards chitin substrates when the absorption reaches dynamic equilibrium. The adsorption of protein brils was registered as a decrease in the frequency (DF). The marked change in DF at around 0.5 h indicated rapid absorption of the proteins on the surface. The change in DF was much slower aerwards, suggesting that the absorption capacity of substrate was saturated. Aer removing the non-specic binding proteins using distilled water, DF reached a steadily numerical value, which represented the actual adsorption of protein brils onto chitin surfaces. The results indicated that CsgA-fusion proteins with either specic CBD domain or adhesive domains Mfp3 or Mfp5 all showed higher affinity than CsgA (Fig. 5b) . Mfp5-CsgA-CBD had the highest mass absorption towards chitin surfaces, while Mfp5-CsgA showed lower absorption. The absorption capacities of CsgA-Mfp3 and CBD-CsgA-Mfp3 were identical to each other and lay between those of the other two aforementioned proteins.
To further support our results, we performed a ThT uores-cence assay, in which ThT can be specically recognized and absorbed by amyloid brils and the uorescence strength correlates of amyloid brils that have bound onto the chitin beads. This assay therefore allows the indirect assessment of how efficiently amyloid brils bind towards chitin magnetic beads (Fig. 5c) . Interestingly, in consistence with the QCM-D results, the ThT assay indicated that Mfp5-CsgA-CBD displayed signicantly higher uorescence compared to the other proteins, while the uorescence strength of the other two-domain proteins was slightly lower than that of CBD-CsgA-Mfp3 (Fig. 5d) . Collectively, these results strongly suggested that the binding affinity for chitin surfaces of the two three-domain amyloid proteins containing the CBD domain was higher than that of their twodomain counterparts without the CBD domain, yet CBD-CsgAMfp3 did not show much increased affinity compared with CsgA-mfp3. This latter observation could possibly be explained as a result of the unfolded secondary and tertiary structure of CBD domain in the CBD-CsgA-Mfp3 protein, as revealed by molecular dynamic simulations presented below. These interesting results also indicated that the anking domains, more or less, could endow the assembled CsgA-fusion amyloids with functional activity, implying the promise of a modular genetic design for molecular materials design.
We next carried out molecular dynamics simulations to study an approximation of how individual domains behave, both in the form of monomers or brils, with simulation time of 1 ms and 100 ns respectively (Fig. 6) . Simulations of both monomers showed that the CsgA core retained its structure during 1 ms of simulation time, suggesting that the CsgA stacked beta-sheets retained their structure in the presence of the CBD and Mfp3/5 domains. Since there do not exist atomic-level resolution crystal or NMR structures of the CsgA domain, we used a previously published structure of the CsgA core domain 5 that was derived from a homology model with an amyloid-beta bril core structure. Its structure has subsequently been found to be in good agreement with models derived from pure molecular dynamics simulations. 48 In the Mfp5-CsgA-CBD bril simulations, the CBD domains retained secondary and tertiary structure similar to the initial model (PDB ID 1ED7), despite self-associating through motion of the exible linkers connecting them to the CsgA bril core (Fig. 6) . Mfp5 domains also self-associated, much like the Mfp5-CsgA and CsgAMfp3 bril models, but did not interfere with the CBD domains or their structure over the course of the 100 ns of simulation time. In contrast, the Mfp3 domains did not self-associate in the CBDCsgA-Mfp3 brils and remained fairly extended, as did the CBD domains, which unfolded over the course of the simulation. Interestingly, the results seem to be supported by CD spectra, in which the overall percentage of b-sheet structures of CBD-CsgAMfp3 is indeed slightly lower than that of Mfp5-CsgA-CBD brils (Fig. 2c) .
These results based upon molecular dynamics simulations are thus in good agreement with the functional activity of the CBD domain associated with the three-domain amyloid brils, in which CBD-CsgA-Mfp3 displays signicantly lower binding affinity towards chitin surfaces than Mfp5-CsgA-CBD. In addition, the predicted structures based on molecular dynamics simulations also implied that fusion domains might impose steric hindrance and thus interfere amyloid monomer/ monomer interaction by having random contacts and/or interacting with the core b-sheet structures, therefore more or less affecting the nanobril assembly kinetics and bril morphology as observed in our experiments.
In summary, we have demonstrated that all CsgA-fusion proteins are able to self-assemble into typical amyloid brils, but the introduction of additional anking domains retards bril formation and leads to shortened brils. Moreover, the incorporation of side domains also affected the stiffness of nanobrils, which are directly correlated to the structural features of the anking domains. In addition, brils containing CBD domains indeed showed higher chitin-binding activity compared with their CBD-free counterparts. In particular, the three-domain bril Mfp5-CsgA-CBD displays stronger specic chitin-binding activity compared with CBD-CsgA-Mfp3 owing to better retention of secondary and tertiary structures, in agreement with results based on molecular dynamic modeling. Collectively, these observations suggest that the structures, assembly kinetics and functions of amyloid structures are more heavily affected as the number of anking domains increase. In addition, the domain sequences and arrangement are both critical to the functional performance of the nal assembled structures even though morphologically they look identically. Our studies therefore underscore that careful designs and measurements are needed to engineer multi-domain functional amyloids and to implement such structures for new applications relevant to nanotechnology and materials science.
The identication of functional amyloids in diverse organisms has recently prompted a new research paradigm of creating functional amyloid-based molecular materials through a modular genetic strategy. 17 This paradigm represents an unparalleled potential to create multifunctional materials with both predictable functionalities and precise tunability, properties that are lacking in amyloid structures either derived from denatured proteins or synthetic peptides. Given the diverse library of functional amyloids in organisms that are ripe for incorporation into new amyloid-based molecular materials, we believe that the insights provided by this study will provide new insights the future design of multi-domain functional amyloids. Last but not least, the molecular assembly principles of rationally designed functional amyloids via a modular genetic design described here may also serve as the basis for developing a new generation of living functional materials based on engineered bacterial biolms with emerging functions.
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